Influenza viruses can result in significant lung injury with significant morbidity and mortality. In this study, we evaluated the impact of cigarette smoke (CS) exposure on the pulmonary fibroblastic response after influenza infection. We used a murine model in which animals were exposed to CS or room air and subsequently infected with H1N1 influenza virus. Inflammatory and fibrotic responses were measured at different time points after influenza infection. Primary fibroblasts were isolated from the lungs of mice and their characteristics were evaluated. Exposure to CS significantly increased the amount of collagen in the lungs of mice infected with influenza virus compared with the nonsmoking group at 30 days after infection. Furthermore, the presence of fibroblast-specific protein-positive cells increased in the lungs of influenza-infected mice that were exposed to CS compared with the infection-alone group. The smoking group also showed delays in weight recovery and higher cell counts in BAL fluid after infection. Active transforming growth factor b1 levels in BAL fluid increased in both groups; however, CS-exposed mice had a later surge in active transforming growth factor b1 (Day 24). Ex vivo cultures of lung-derived fibroblasts from CS-exposed mice with influenza infection showed rapid proliferation, increased expression of a-smooth muscle actin-stained stress fibers, and higher expression of growth factors compared with fibroblasts from room air-exposed lungs after infection. These results suggest that CS exposure changes the fibroblastic potential, leading to increased fibrosis after influenza infection.
Pneumonia due to influenza virus is one of the major causes of morbidity and mortality. Influenza lung infections are estimated to result in z3-5 million cases of severe illness, and 250,000-500,000 deaths worldwide (1) . In the United States, z200,000 people are hospitalized due to influenza every year, with 36,000 annual deaths (2, 3) . Many complications are associated with influenza virus infection, including pneumonia, acute respiratory distress syndrome, myocarditis, encephalitis, myositis, rhabdomyolysis, and kidney failure. Pneumonia is the most common of these complications and is the leading cause of mortality from influenza (4) . In addition, the impact of cigarette smoking on human health is enormous. Globally, 7 million people die every year of smoking-related diseases, including pneumonia (5). Healthy smokers also experience exaggerated symptomatic responses after viral infections. In addition, increased symptomatology and mortality have been observed in otherwise healthy, influenza-infected smokers, and smoking was found to be an important risk factor in the H1N1 influenza epidemic in healthy young military recruits (6) (7) (8) . Pneumonia can usually be completely resolved to a pre-illness state (9) , but some loss of lung function combined with fibrotic changes has been reported in some severe cases (10) .
Early activation of fibrogenesis due to lung injury has been described during influenza virus infection (11) . Influenza virus infection in mice can cause extensive damage to the airways and alveolar epithelium, especially with a murinized version of a pandemic H1N1 strain of influenza A virus such as PR8 (12) . An epidemiologic study found an increased trend in mortality from influenza infection in smokers (13) . Smokers had an increased incidence of infection and were associated with more severe disease than nonsmokers (14) . Overall, these epidemiologic studies suggest that cigarette smoking has an adverse impact on the clinical course of an influenza virus infection; however, not much is known about the chronic consequences of smoking on pulmonary morbidity in influenza pneumonia (15) .
Our previous work demonstrated that lung responses to external stimuli such as viral infections and cigarette smoke (CS) exposure result in increased lung inflammation and tissue damage (16) . In addition, it has been shown that CS exposure can contribute to lung fibrosis (17) (18) (19) . CS might adversely affect normal lung repair processes that are needed to limit potential deleterious post-viral-exposure lung sequelae such as tissue destruction and fibrosis. The mechanisms by which CS results in lung remodeling and fibrotic changes after respiratory viral infections, however, remain poorly understood.
In this study, we hypothesized that CS exposure dysregulates the fibroblast characteristics and contributes to enhanced lung fibrogenesis after influenza pneumonia. Here, we show the effects of CS exposure on in vivo and ex vivo fibroblastic responses after inflammation and lung destruction in influenza-virus-infected mice. Our findings highlight the significant contribution of CS exposure in enhancing the fibroblast characteristics after a secondary insult such as influenza virus infection.
Methods Mice
Wild-type male C57BL/6 mice (Jackson Labs) were bred at Yale University in specificpathogen-free conditions. All animal experiments were conducted with the approval of the Institutional Animal Care and Use Committee of the Yale School of Medicine.
CS Exposure and Viral Infection
Nine-to 10-week-old mice were exposed to room air (the nonsmoking [NS] group) or CS (the CS group) via a smoking apparatus as previously described (16, 20) . During the first week, the mice received a half cigarette twice a day to allow for acclimation, and then they received three cigarettes per day (one cigarette/session, three sessions/day) for the remainder of the exposure. After 2 weeks of CS exposure, the mice were lightly anesthetized with ketamine/xylazine, and 100 plaque-forming units (pfu) of A/PR8/34 influenza (equivalent to 0.5 median lethal dose [LD 50 ] in C57BL/6J mice) was administered via nasal aspiration in 50 ml of PBS using previously described techniques (21) . Smoking was continued for the CS group in the same manner after influenza infection. The body weights of the mice were measured individually every 3 days before they were killed. Influenza virus was quantified in lung lysates by quantitative PCR as described in our previous publication (16) . All experiments were repeated at least three times unless otherwise indicated.
BAL
The mice were anesthetized and then killed by urethane injection, and the tracheas were cannulated and perfused twice with 0.8-ml aliquots of cold sterile PBS. The cellular contents and BAL fluid were separated by centrifugation, and the BAL fluid was stored in aliquots at 280 8 C for further analysis. Quantification of transforming growth factor b1 (TGF-b1; R&D) in BAL fluid was determined using commercial ELISA kits according to the manufacturer's instructions after 53 concentration using commercialized kits (Merck).
Lung Collagen Content
After BAL was performed, the mouse lung tissues were harvested as previously described (22) . In hematoxylin-andeosin-stained lung sections, the collagen in the entire right lung was quantitated using the Sircol Collagen Assay Kit (Biocolor Ltd.) according to the manufacturer's instructions.
Immunohistochemistry
To assess the number of fibroblasts in vivo, immunohistochemistry (IHC) of fibroblastspecific protein 1 (FSP1), a member of the calmodulin S100 troponin C superfamily (23), was performed using rabbit antimurine FSP1 antibody (Cell Signaling) as previously described (24) .
Primary Fibroblast Culture
Primary lung fibroblasts were isolated from two mice in each group with or without influenza infection or smoking, as previously described (25, 26) . The third passage of cells was used for all experiments to achieve sufficient cell numbers for in vitro studies. For proliferation analyses, we used WST-1 reagent (Roche) according to the manufacturer's protocol after plating 5,000 cells per well in a 96-well plate. This experiment was repeated three times.
Semiquantitative RT-PCR
Total RNA was isolated from the fibroblasts using the RNeasy Plus Mini Kit (Qiagen). After synthesis of cDNA, quantitative PCR was performed using SsoAdvanced Universal SYBR Green Supermix (Bio-Rad), and the specific primers for a-smooth muscle actin (a-SMA), collagen 1a1 (col1a1), collagen 1a2 (col1a2), connective tissue growth factor (CTGF), vascular endothelial growth factor (VEGF), plateletderived growth factor (PDGF), TGF-b1, and influenza. We used 18S ribosomal
Clinical Relevance
This work suggests that individuals infected with influenza virus could have an increased likelihood of developing a lung fibroblastic response, especially in the setting of cigarette smoke exposure and/or chronic obstructive pulmonary disease. This work may improve our understanding of a subset of smokers or patients with chronic obstructive pulmonary disease who experience respiratory infections and subsequent development of fibrotic lung changes.
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RNAs as housekeeping genes. The primer sequences are listed in Table 1 .
Immunofluorescence
Isolated primary fibroblasts were cultured in chamber slides, fixed, permeabilized, and incubated with the rabbit anti-mouse a-SMA antibody (Abcam).
Western Blotting
Fibroblast lysates were prepared and the total protein concentration was determined. Equal amounts of sample proteins were used for Western blot analysis.
TGF-b antibody blocking experiments.
Mice were either exposed to CS or remained in normal air for 3 weeks and then infected with influenza as described previously. CS-exposed mice were randomized to receive either anti-TGF-b antibody or isotypic control IgG (Bio X Cell) at 1 mg per mouse on alternative days starting on Day 12 after infection. The mice were measured for weight changes every day until Day 28. The mice were killed on Day 28 to harvest lung tissues for mRNA/protein measurements and lung pathology.
Statistical Analysis
Statistical evaluations were undertaken with Prism 7 software (GraphPad Software, Inc.). As appropriate, the groups were compared using a two-tailed Student's t test or a nonparametric Mann-Whitney U test. All experiments were repeated three times unless indicated otherwise. Values are expressed as mean 6 SD unless stated otherwise. Statistical significance was defined at a level of P , 0.05.
Results
Increased Inflammatory Response and Slow Recovery of Body Weight after Influenza Virus Infection in CS-exposed Mice Mice were exposed to either CS or ambient room air (NS) for 2 weeks and subsequently infected intranasally with influenza virus. The total BAL fluid cell counts increased after influenza virus infection over the first 9 days, but the total white blood cell counts were not significantly different between the CS and NS groups ( Figure 1A ). The total cell counts of the CS group remained significantly higher than those of NS group at 12-21 days after infection. The peak neutrophil counts were noted at 6 days after infection in both groups, and the neutrophil counts in the CS group were higher than those of the NS group (7.35 6 1.70 vs. 5.34 6 1.94, P = 0.04; Figure 1B ) at this time point. This elevated neutrophilic inflammation continued at Days 9 and 12 after infection in the CS group compared with the NS group ( Figure 1B) . The macrophage cell counts were higher in the CS group than in the NS group at Days 12-21 after infection ( Figure 1C ). The peak lymphocyte counts were noted to be at 12 days after infection in both groups, and were not significantly different between the groups ( Figure 1D ).
In addition, during the course of viral infection, the mice lost weight by z20% from their baseline. Interestingly, weight recovery was significantly delayed in the CS group, and weight loss did not recover fully in the CS group even after 30 days of infection ( Figure 1E ). The weight difference between CS and NS mice was statistically significant at Days 27 and 30 after infection (P = 0.02 and P = 0.008, respectively).
To evaluate whether the above responses were affected by the alteration of viral clearance, the influenza viral loads were measured by quantitative PCR of influenza in the lungs. The peak viral load was noted at similar levels at 6 days after infection in both groups. At the dose of virus used for the infections, there was a modest increase in viral load in the CS group at Day 3 after infection compared with the NS control group ( Figure 1F ). At 9 days after infection, no viral mRNAs were detected in either group, and no significant difference in viral clearance was observed between the groups ( Figure 1F ). Taken together, these data demonstrate that CS exposure adversely affected pulmonary inflammatory responses after influenza infection, with persistent macrophage accumulation that was associated with impaired recovery from infection, manifested as decreased weight gains in the recovery phase.
CS Exposure Exacerbates the Lung Fibroblastic Response after Influenza Virus Infection
Lung tissues were harvested at various time points after viral infection in mice previously exposed to CS or room air (NS). To evaluate overall lung fibrotic responses, the amount of total collagen in the lungs was measured after viral infection. Influenza infection alone induced a modest increase of collagen accumulation in the lungs ( Figure 2A ). The amounts of collagen were not significantly different between the CS and NS groups at 15 days after infection (93.2 6 12.2 mg vs. 81.4 6 30.1 mg; P . 0.05). However, the amounts of collagen were significantly increased in the CS group compared with the NS group at 30 days after infection (144.7 6 26.9 mg vs. 99.5 6 24.3 mg; P = 0.007). The amounts of collagen at Day 30 after infection were also significantly higher than at baseline before infection in both groups (P , 0.001 and P = 0.005, respectively; Figure 2A ). There was a marked increase of Masson Trichrome histological (blue) staining in the CS group 30 days after influenza infection ( Figure 2B ). The mRNA levels of collagen, including col1a1, col1a2, and Definition of abbreviations: a-SMA = a-smooth muscle actin; col1a1 = collagen 1a1; col1a2 = collagen 1a2; CTGF = connective tissue growth factor; PDGF = platelet-derived growth factor; TGF-b = transforming growth factor b.
ORIGINAL RESEARCH col3a1, were also increased significantly from baseline in both groups at 9 and 15 days after influenza infection ( Figure 2C ). This increase in collagen gene expression noted at the early time points after influenza infection ( Figure 2C ) is reflected by the increased collagen content in the lung that was maximally noted at Day 30 after infection ( Figure 2A ). Interestingly, each of these collagen genes showed a significant increase in the CS group compared with the NS group at 9 days (col1a1, col1a2, and col3a1) and 15 days (col1a2) after influenza infection ( Figure 2C ). Overall, these data demonstrate that CS exposure in vivo enhances the fibrogenic responses in the lungs after influenza virus infection.
Enhanced Active TGF-b with CS Exposure and Viral Infection
TGF-b plays a central role in tissue healing, repair, and fibrosis. We investigated the levels of total and active TGF-b1 in the BAL samples from mice infected with influenza with or without smoke exposure. Influenza infection increased active TGF-b1 in BAL fluids at 6 days after infection in both the CS and NS groups. However, the levels were significantly higher in the infected NS group (32.9 6 17.0 vs. 16.9 6 11.0 pg/ml; P = 0.002) than in the CS group with infection. In a similar manner, total TGF-b1 peaked at Day 6 after viral infection, with higher levels of total TGF-b1 observed in the infected NS group compared with CS-exposed mice with influenza virus infection ( Figure 3B ). The initial surge of active TGF-b that was notably lower in the CS-exposed mice with influenza virus infection compared with room airexposed mice with influenza virus infection is consistent with the antiinflammatory effect of active TGF-b1 and the observed heightened inflammation noted in the lungs of CS-exposed infected mice, as shown in Figure 1 . The levels of active TGF-b1 significantly decreased by 9 days after infection in both groups, and the active TGF-b1 levels remained at baseline from 9 to 12 days after infection. Interestingly, a second surge in the active TGF-b1 levels was observed at 15 days in infected mice that were exposed to CS, and peaked at 24 days after infection. At this time point, the TGF-b1 levels were significantly higher in the CS group (23.2 6 5.7 vs. 6.8 6 4.1; P = 0.02; Figure 3A ). However, the total TGF-b levels remained comparable between the two groups at the later phase of infection, suggesting a specific activation mechanism present only in the CS-exposed group ( Figure 3B ). Collectively, these data suggest that CS exposure in vivo dysregulates the physiological TGF-b activation that contributes to the increased fibrotic response in CS mice after influenza virus infection. The levels of influenza A virus mRNA were higher in the lung homogenates of CS-exposed mice on Day 3 after infection, but there was no significant difference between the two groups after Day 6. Data are from one of at least three independent experiments performed with n = 4-6 in each group at each given time point. *P , 0.05; **P , 0.01; ***P , 0.001; ****P , 0.0001 comparing CS and NS groups at the same time point. WBC = white blood cell.
Smoking Increases FSP 1 Cells in Lungs after Influenza Virus Infection
Fibroblasts are important mediators of pathological fibrotic accumulation and the major source of extracellular matrix (ECM) proteins, such as collagen (27) . To assess the numbers and distribution of fibroblasts in the lungs, IHC staining for FSP1 was performed on lung sections. The number of FSP1
1 cells was significantly higher in the CS group than in the NS group at both 15 days (1775 6 314 vs. 1033 6 216 cells/mm 2 ; P , 0.001) and 30 days (2016 6 287 vs. 794 6 344 cells/mm 2 ; P , 0.001) after infection ( Figures 4A and 4B ). The IHC results showed an increased number of cells with FSP1 staining, suggesting the increased presence of fibroblasts surrounding the bronchial walls in the CS group at 30 days after influenza virus infection. On Day 15 after virus infection, inflammatory infiltration and exudates were observed in both groups, suggesting a pathological condition that resembles viral pneumonia and acute respiratory distress syndrome (Figure 4) .
Increased Expression of a-SMA and col1a in Primary Fibroblasts Isolated from CS-exposed Mice with Influenza Infection
To further characterize the fibroblasts in the CS-exposed and influenza-infected mice, fibroblasts were isolated from four different exposure groups: control, smoking only, influenza infection, and influenza infection with smoking. The fibroblasts isolated from mice exposed to CS and influenza infection showed increased expression of a-SMA RNA ( Figure 5A ) as well as increased amounts of protein ( Figure 5B ). Furthermore, fluorescent IHC evaluation of a-SMA proteins revealed remarkable findings. Specifically, the presence of stressed fibers was minimally increased after CS exposure alone compared with NS controls (Figures 5C and 5D ). In addition, influenza virus infection by itself induced a modest but statistically significant increase in stressed fibers in the pulmonary fibroblasts Lungs were harvested from influenza-infected mice that were either exposed to smoke or remained in room air at the indicated time points. (B) Lung sections were subjected to Masson's trichrome staining, and representative sections from three independent experiments are shown at a total magnification of 340. The expression of collagen-related genes was measured on Days 9, 15, and 24 after infection. Scale bars: 200 mm. (C-E) Expression of collagen 1a1 (col1a1) (C), col1a2 (D), and col3a (E) was normalized with the expression of 18S in the lung tissue. Data are from one of at least three independent experiments performed with n = 4-6 in each group at each given time point. *P , 0.05; **P , 0.01; ***P , 0.001; ****P , 0.0001.
5C and 5D)
. Surprisingly, this influenza virus-induced increase of stressed fibers was significantly enhanced in the pulmonary fibroblasts after CS exposure in vivo (Figures 5C and 5D ). In accordance with these findings, the expression of col1a RNA also increased significantly in the fibroblasts isolated from mice exposed to both CS and influenza infection (Figures 5E and 5F). It is intriguing that the fibrogenic responses of pulmonary fibroblasts were enhanced after CS exposure in vivo with concomitant influenza virus infection.
CS Exposure Enhances the Proliferation Rates and Expression of Growth Factors in Primary Lung Fibroblasts
To further understand the underlying mechanisms of increased fibrotic response and accumulation of fibroblasts in the lungs, we cultured lung fibroblasts from NS and CS mice with influenza virus infection. We characterized these cells for their proliferative responses using a colorimetric WST-1 assay. Interestingly, the fibroblasts isolated from mice exposed to CS and influenza virus infection showed higher proliferation rates than those isolated from virus-infected NS mice. Significant differences in proliferation was observed at Day 3, and these further increased at Day 4 between CS-exposed and NS mice that were infected with influenza virus ( Figure 6A ). The mRNA levels of several growth factors, such as CTGF, VEGF-a, VEGF-b, PDGF-a, and PDGF-b, were higher in fibroblasts isolated from the mice that were exposed to CS and influenza infection than in those isolated from mice exposed to influenza infection alone ( Figure 6B ). These data suggest that exposure to CS increases the proliferative response in fibroblasts, which is mediated by the increased expression of various growth factors. Taken together, our data suggest that smoking not only increased the proliferative response in fibroblasts obtained from influenza-infected lungs but also increased their activity, as measured by the increased expression of collagen and growth factors in fibroblasts, resulting in an increased fibrotic response in the lungs.
Anti-TGF-b Antibody Treatment in CS-exposed Mice Ameliorates the Fibrotic Response and Improves Recovery during Influenza Virus Infection
To determine the role of TGF-b in the effects of CS and influenza infection on lung fibrotic responses, we performed antibody neutralization experiments using anti-TGF-b antibodies in our model. Interestingly, mice that were treated with anti-TGF-b antibodies (1 mg per mouse every other day starting 12 days after infection) showed a marked improvement in overall morbidity, as evidenced by a significantly quicker recovery of weight loss compared with control IgG-treated mice after smoke exposure ( Figure 7A ). The early recovery of anti-TGF-b antibody-treated mice was associated with amelioration of many markers of an exaggerated fibrotic response. Although the mRNA levels of SMA were significantly decreased in the anti-TGF-b antibody-treated mice, a trend toward a reduction of SMA protein levels was observed in these mice ( Figures 7C and  7D) . We also observed a partial reduction in collagen deposition, and the presence of FSP 1 cells in the lung tissues of mice that were treated with anti-TGF-b antibodies ( Figures 7B and 7D ). Other fibrotic changes were not completely blocked by the use of anti-TGF-b antibodies, as we observed only a partial decrease in collagen deposition and accumulation of FSP 1 cells, which were significantly increased by smoking ( Figures 7B and 7F) . Taken together, our data suggest that the fibrotic response from CS exposure and influenza virus infection can be at least partially decreased with anti-TGF-b antibody treatment.
Discussion
Deleterious effects of CS exposure on the lungs are well documented; however, the underlying mechanisms, especially after a respiratory viral infection, remain poorly understood. CS exposure has been shown to impair adaptive humoral and cellular responses, and exaggerate proinflammatory and innate immune responses to various stimuli, including respiratory pathogens. CS exposure by itself has been shown to contribute to lung fibrosis (17, 18) . However, our understanding of how CS exposure affects physiological tissue damage/repair responses after viral infection remains limited. In this study, we report that CS exposure exacerbated fibrotic responses in the lungs after influenza viral infection, as measured by increased expression and accumulation of collagen in the lungs. These changes correlated with an increase in active TGF-b1 levels in BAL fluid at a later phase of infection. Furthermore, in ex vivo lung fibroblasts, increased proliferation and features of myofibroblasts were observed in influenza virus-infected mice that were exposed to CS. These fibrotic responses were associated with an initial increased recruitment of neutrophils and a later increased, protracted macrophage response after virus infection in the CS-exposed group. It should also be noted that no major changes in viral clearance were observed in the two groups, but alterations in the inflammatory and fibrotic responses were sufficient to impair normal recovery from influenza infection in CS-exposed mice. Our study is the first to demonstrate that CS exposure in vivo causes significant exacerbations in lung fibrotic responses after influenza virus infection, which is associated with dysregulation of fibroblast characteristics.
The fibroblastic response after lung inflammation has been described in both human and animal models of lung diseases. One study found that after acute respiratory distress syndrome, a classical form of severe acute pulmonary inflammatory disorder, 64% of the patients had evidence of pulmonary fibrosis and 20% had severe fibrosis (28) . In a study using mice infected with influenza virus, the mice initially exhibited pneumonic features, and many showed fibrosis after virus infection (29) . As noted in the Introduction, CS has been identified as an important adverse factor in the clinical course of an influenza virus infection (6-8, 13, 14) . In this regard, it is intriguing that our experimental model recapitulates human pathologies that are observed in smokers with concomitant influenza viral pneumonia, including more severe inflammation and tissue-damage responses. Our model of CS exposure and influenza virus infection showed evidence of the synergistic effect of the two stimuli on lung fibrogenesis. Our findings regarding the role of CS exposure in lung fibrogenic responses have important implications related to postviral lung infections that can contribute to the pathogenesis of long-term sequelae such as pulmonary fibrosis, wherein CS exposure is a risk factor.
It is intriguing that the levels of TGF-b1, an important mediator of fibrosis and antiinflammation, showed a different biphasic pattern after influenza infection in the NS controls compared with the CSexposed group. Specifically, CS exposure in vivo initially reduced TGF-b1 levels, which correlated with the enhanced inflammatory lung response in the animals exposed to CS and viral infection compared with those exposed to either CS or viral infection alone. Interestingly, CS exposure resulted in a second surge of significantly increased levels of the active form of TGFb1, which was not observed in the mice that remained in control air ( Figure 3A) . This second surge in active TGF-b1 levels may have contributed to the significantly increased fibrotic responses at Day 30, as assessed by increased collagen deposition in the lungs. It is known that TGF-b1 contributes to tissue healing after inflammation and injury by virtue of its antiinflammatory and fibrotic properties (30) . TGF-b1 knockout mice showed rapid wasting of weight and excessive multifocal inflammatory responses. Massive amounts of lymphocytes and macrophages infiltrated primarily the heart and lungs, leading to lethal cardiopulmonary complications (31) . TGF-b1 is a major stimulator of tissue fibrosis and contributes to fibroblast proliferation and the 1 cells were quantified. Data are from one of at least three independent experiments, with n = 4-6 mice in each group at each given time point. ***P , 0.001; ****P , 0.0001. Scale bars: 100 mm.
production of extracellular matrix components, particularly collagen and fibronectin, while reducing the degradation of those components. In this regard, it should be noted that exposure to CS resulted in a heightened TGF-b response in the lungs at 3 weeks after influenza virus infection, which was correlated with lung fibrogenesis. Furthermore, this heightened TGF-b1 production was associated with more enhanced fibrogenic responses of pulmonary fibroblasts.
In the ex vivo model of our study, the fibroblasts from CS-exposed and influenzainfected mice showed higher expression of a-SMA with increased stress fibers, and more rapid cell proliferation with increased expression of growth factors. An increased number of fibroblasts was also noted in the CS-exposed and influenza-infected mice. It is known that in fibrotic responses, the fibroblasts play a major role in the production and deposition of interstitial collagen (27) . As fibrosis progresses after inflammation, myofibroblasts are activated (32, 33) and a-SMA expression, a marker of myofibroblasts, is enhanced in local fibroblasts (34, 35) . Contraction of injured tissue is essential to reduce the size of the wound caused by the injury, and a-SMA provides increased contractile activity of the fibroblasts (34). Furthermore, fibroblastic responses in the lung have been described in chronic lung disorders associated with CS exposure, such as COPD and pulmonary fibrosis (36) . In this regard, our experimental model might be useful to elucidate the underlying mechanism by which CS exposure acts as an adverse risk factor in viral infection. We are actively working to identify the precise mechanisms by which CS exposure contributes to the rapid proliferation of fibroblasts after influenza viral infection.
In contrast to the surge of active TGF-b1 in the later phase (24 days after infection) in CS-exposed, influenza virus-infected mice, CS exposure decreased the levels of TGF-b1 in the early phase (6 days after infection). We speculate that the suppression of TGF-b1 in the early phase might play a significant role in the enhanced inflammation observed in the CS-exposed, influenza virus-infected mice. Experimental evidence to support this notion comes from a previous study that demonstrated a dynamic and temporal role of TGF-b at different time points in a murine model of myocardial infarction . Ex vivo fibroblasts obtained from CS-exposed mice with influenza show increased markers of myofibroblasts. Primary fibroblasts were obtained from influenza-infected mice that were either exposed to CS or remained in room air. Fibroblasts from healthy mice and mice that were exposed to smoke but received no virus infection served as controls. (A) The mRNA levels of a-smooth muscle actin (SMA) were measured in fibroblasts. (B) The protein levels of a-SMA were measured by Western blot analysis (top), and arbitrary densitometry units for a-SMA were standardized by GAPDH levels (bottom). (C) Immunofluorescence staining of a-SMA is shown in lung fibroblasts obtained from different groups at 340 magnification. Scale bars: 100 mm. (D) At higher magnification (3200), stress fibers are visible in the fibroblasts obtained from CS-and influenza-exposed mice. Scale bars: 20 mm. (E and F) The mRNA levels of genes related to collagen were measured in these fibroblasts, and the levels of col1a1 (E) and col1a2 (F) were normalized to 18S. All figures are from representative data of three or more independent experiments. In vitro experiments were performed in triplicate wells. *P , 0.05; **P , 0.01; ***P , 0.001; ****P , 0.0001.
(37). Specifically, TGF-b1 inhibition in the early postmyocardial infarction period exacerbated the degree of left-ventricular contractile dysfunction, and during the later phase, TGF-b inhibition attenuated left-ventricular hypertrophy and interstitial fibrosis (37) . Therefore, similar effects of TGF-b1 may be taking place in the lungs in our model. We show that anti-TGF-b antibody treatment in CS-exposed mice was able to decrease the fibrotic response and improve recovery during influenza infection. Interestingly, many fibrotic changes were not completely blocked by the use of anti-TGF-b antibodies, as we observed only a partial decrease in collagen deposition and accumulation of FSP 1 cells, . CS exposure increases proliferation in fibroblasts upon influenza infection by stimulating various growth factors. Fibroblasts were obtained from mice that were infected with influenza and either exposed to CS or kept in room air. As infection controls, fibroblasts from mice that remained in room air or were exposed to CS without infection were obtained. (A) A WST-1 assay was performed to measure the proliferation of fibroblasts. (B) The expression of various growth factors (e.g., CTGF, VEGF-a, TGF-b, PDGF-a, and PDGF-b) was measured in the fibroblasts and normalized to 18S. Representative data from three independent experiments performed in triplicates. *P , 0.05; **P , 0.01; ***P , 0.001; ****P , 0.0001. CTGF = connective tissue growth factor; PDGF-a = platelet-derived growth factor a; VEGF-a = vascular endothelial growth factor a. which were significantly increased by smoking. This incomplete blockage may be due to the late start of antibody treatment on Day 12. A significant increase in active TGF-b in CS-exposed mice was already evident on Day 6 after infection. Day 12 was chosen as the starting point for anti-TGF-b antibody treatment in CSexposed mice with influenza infection to avoid the immune effect of TGF-b on viral clearance, which has been well established in our work and other studies of influenza infection (38) . In our model, mice cleared the pathogens by Day 10, which we considered a decisive factor in initiating the use of anti-TGF-b antibodies in our experiments. It is difficult to study antifibrotic responses independently of immunomodulatory effects in the presence of live infection. Although this issue was beyond the scope of this study, it would be interesting to explore as it relates to additional non-TGF-b pathways that contribute to the fibrogenesis observed with CS exposure and influenza infection.
It is known that influenza infection is characterized by an early inflammatory phase followed by a later phase of tissue healing and fibroblastic processes. It is possible that the uncontrolled initial lung inflammation that occurred as a result of decreased TGF-b1 led to the development of potentiated lung fibrosis in the CSexposed mice after influenza infection. Furthermore, it has been shown that monocyte-derived alveolar macrophages are able to drive lung fibrosis and persist in the lung over the life span (39) . In this regard, it is interesting that we found that CS exposure resulted in a more persistent macrophage inflammatory response weeks after influenza virus infection. Further studies are warranted to define the role of pulmonary macrophages and their contribution to more severe fibrogenic responses in this context.
Studies by Gualano and colleagues in CS-exposed, influenza-infected mice showed transient increases in viral titers (40) . However, other studies did not show significantly increased viral titers in CS-exposed, influenza-infected animals (16, 41, 42) . In our study, the viral titers were increased in CS-exposed mice compared with NS mice only at 3 days after infection, and no differences were noted at other time points, including Day 6 after infection, which was the time of peak viral titers. These studies suggest that CS may at most A   70   1  2  3  4  5  6  7  8  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27 Figure 7 . Anti-TGF-b antibody treatment in CS-exposed mice ameliorates the fibrotic response and improves recovery during influenza virus infection. Mice were exposed to CS or NS for 2-3 weeks and then infected with influenza virus. The mice continued to receive the respective exposure even after infection. The CS-exposed mice were then divided into two groups to receive either anti-TGF-b antibody (1 mg per mouse every other day starting from Day 12 after infection) or the same amount of control IgG. Mice were observed daily for weight changes and killed at Day 28 after infection to harvest the lungs. The overall morbidity measured as weight changes is shown in A. Lung sections were subjected to histological examination using Trichrome staining for collagen deposition (B, upper panel) and FSP (B, lower panel). (C) Protein and (D) mRNA levels of a-SMA were quantified in the lung tissues. Data are from one experiment performed with n = 4-5 mice per each group. The extent of fibrosis on Trichrome-stained sections was quantified on a (E) 4-point scale and FSP staining was quantified on a (F) 5-point scale. Scale bars: 250 mm. *P , 0.05, ns = nonsignificant.
alter the initial susceptibility to influenza virus, and does not affect viral clearance mechanisms in the lungs, as evidenced by the similar viral loads in the later phase and similar clearance kinetics.
In conclusion, our study demonstrates that CS exposure in vivo exaggerates the fibroblastic response after influenza infection and induces the proliferation of lung fibroblasts with accumulation of collagen and myofibroblast properties. CS exposure in vivo also changes the kinetics of active TGF-b production, suggesting that it plays dynamic roles in the initial inflammatory and later fibroblastic phases. This study may provide new insights into the role of CS exposure in the dysregulation of healing and fibroblastic processes after a respiratory viral infection. Our findings suggest that individuals infected with influenza virus may have an increased likelihood of developing a lung fibroblastic response in the setting of CS exposure and/or COPD. This work may improve our understanding of a subset of patients with COPD who have exacerbations with respiratory infections and subsequently develop fibrotic lung changes. n
